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The Mechanical Engineering Technology department at Central Washington University is lacking 
a method to reliably measure the thermal conductivity of bulk materials, with dimensions of at 
least a 1 cm radius, within a teaching environment. Thermal Conductivity Measuring System 
(TCoMS) will be a useful tool to perform these measurements as it is able to obtain 
measurement readings for materials between 0 C and 50 C within 20 seconds. TCoMS will 
accomplish this by using the pulse decay method of measuring thermal conductivity, a form of 
transient heat transfer analysis. This method is performed by generating a pulse of heat at the 
measurement location and measuring the temperature change with respect to time which can 
then be used to determine a material’s thermal conductivity. To accomplish these tasks TCoMS 
runs on an Arduino Due, a programmable circuit board used for controlling, timing, and 
measuring the temperature and the heat pulses through the thermistor. A voltage divider in the 
form of a Wheatstone bridge is used to allow for the high accuracy needed in voltage 
measurements across the thermistor. These voltage measurements are then used to calculate 
the electrical resistance of the thermistor. To determine the temperature of the thermistor, 
using the coefficients provided by the thermistor’s manufacturer, the Steinhart-Hart equation is 
used to determine the thermistor’s temperature. These measurements are designed to be 
accurate to within 5% of a material’s actual thermal conductivity value. This was tested on 
materials such as water and potatoes. 
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The ability of a material to transport heat energy through itself is known as thermal 
conductivity. This material property changes with the temperature of the material.1 By using 
known energies provided from a heat source and comparing changes in temperature of the 
material, the material’s thermal conductivity can be calculated. The device proposed by this 
project will henceforth be referred to as TCoMS (Thermal Conductivity Measuring System). 
 
b. Motivation  
This project was motivated by the need for the thermodynamics lab in Hogue Hall at CWU to 
have a way to perform thermal conductivity testing in a teaching environment. Having a device 
that can perform these tests would enable students to have hands on experience with 
measuring the thermal conductivities of differing materials. 
 
c. Function Statement 
The measuring system provides the thermal conductivity of a material at bulk size scale. 
 
d. Requirements 
This system is being designed to be used in a classroom setting in the CWU Hogue thermo lab, 
as such the following requirements must be met: 
• The system must weigh less than a total of 20 pounds. 
• The system must fit within an 18” x 13” x 10” box. 
• The test material interface/probe must be easily replaceable with an identical part and 
at least one replacement probe must be made along with the main system. 
• Provided a 45-minute max preparation time, the system must complete its 
measurement within 15 minutes. 
• The measuring system must obtain the thermal conductivity, or information allowing for 
the calculation of the thermal conductivity, of bulk solids and liquids which have a 
characteristic length of at least 1 centimeter. 
• Thermal conductivity measurements must be within 5% of reference values. 
• The system must be able to measure thermal conductivity between the freezing 
temperature of water (0°C) and room temperature (20°C). 
• Power supply must be through standard batteries or standard electrical outlets using 
120VAC at 60Hz. 
 
e. Engineering Merit 
This project will demonstrate understanding of many aspects of engineering such as an 
understanding of thermodynamics and energy systems to analyze the energy flow in the test 
samples, an understanding of electronics and coding to create the electronics systems and 
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display data, CAD experience to design the housing or structure of the system, and machining 
experience to build and assemble the final system. The ability to perform stress analysis is not 
as critical but is still important for specific parts of the project. 
 
f. Scope of Effort 
This project will encompass the design of the entire measuring system including the device 
housing, thermal conductivity probe, electronics, and the means of data retrieval. This project 
will also include the construction of the measuring system housing and the assembly of 
electronics systems. Specialized instruments such as thermistors will be bought from retail 
sources. 
 
g. Success Criteria 






2. DESIGN & ANALYSIS 
a. Approach: Proposed Solution 
As this device is for use by students in a classroom lab setting, having an easily handled device 
would be preferable. This is similar in idea to how a handheld multimeter is used or more 
specifically, a meat thermometer. 
 
b. Design Description 
Following the meat thermometer basic design, a sketch for an overall design was made as 
shown below in fig. 1. 
 
 
Figure 1: TCoMS Overall Design 
This design would allow for a person to easily manipulate the device and allow for it to be 
moved between tests rapidly. Having a built-in display allows for the measurement to be seen 
without using any external hardware such as a computer. 
 
c. Benchmark 
Like the measuring system that this report is proposing, Thermtest’s TLS-100 is an existing 
handheld system for measuring thermal conductivity. Their system has a 5% accuracy and is 
expected to work between -40°C and 100°C. The TLS-100 also takes a transient measurement, 
but it uses the thin heating wire method while TCoMS will use the pulse decay method for 
measuring thermal conductivity. These are both valid measurement methods, so the TLS-100 is 
a valid benchmark to meet. 
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d. Performance Predictions   
As shown in fig. 5 of Chen et al., the measurement time for the pulse decay method takes under 
20 seconds to complete after the test has started. The measurements provided will be within 
5% of the expected value meeting the design requirements. 
 
e. Description of Analysis 
To measure temperature for later use in thermal conductivity calculations, a thermistor will be 
used. This component changes its resistance with its temperature. Using a Wheatstone bridge, 
a voltage measurement can provide the resistance of the thermistor. In appendix A-1, the 
required accuracy of voltage measurements to meet the 5% thermal conductivity measurement 
accuracy is determined. This was done by assuming variables not influenced by the voltage to 
be perfectly accurate. This led to the value of a 3.57% error in voltage measurements being 
allowed as seen in figure A2. Using the voltage supply on Arduino boards and comparing it with 
their onboard ADCs, it was verified that most Arduino boards could meet this accuracy of 
voltage measurements. 
 
To hold the thermistor in place and contain the wire leads, a small diameter tube will be used 
as shown in appendix A-2. The material of the tube is already required to have a high thermal 
resistance, but the strength required needed to be determined to ensure that the material 
would not break on use. As the total device mass must be less than 20 pounds, this was taken 
as the largest amount of force applied to the tube. The tube is assumed to be entirely 
immersed in the testing material. The maximum stresses applied by this force may be entirely 
in compression leading to 28.6 [MPa] of compressive stress, or entirely in shear with 57.2 [MPa] 
of shear stress as was determined in figure A2. 
 
f. Scope of Testing and Evaluation 
The testing of TCoMS will be done by using the device on solids and liquids with known thermal 
conductivities such as water at various temperatures and a potato or an apple. By comparing 
the measured value to the known value, the accuracy of the device will be noted determining if 




i. Analysis 1 – Voltage Resolution Analysis 
The main requirement for the thermal conductivity measurement must have at least 5% 
accuracy. TCoMS will be measuring this by using a voltage difference across a Wheatstone 
bridge with a thermistor to determine its resistance which can then be used with other known 
values to get the temperature of the testing material around the thermistor. This means a 
required voltage accuracy can be determined. Using the methods shown in figures A1-1 and A1-
2, the required voltage accuracy was 3.5%. 
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Comparing this accuracy to common Arduino board voltages, it was found that they needed to 
have an accuracy of 0.185 [V] and 0.1 [V] for the 5 [V] and 3.3 [V] Arduino boards respectively. 
The onboard ADCs of the 5 [V] board options operate at 10 bits giving a 0.0049 [V] resolution 
and the 3.3 [V] board operates at 12 bits giving its voltage resolution to be 0.00081 [V]. This 
shows that both board types meet the required voltage resolution. 
 
The amount of voltage resolution needed was also later confirmed to be approximately 0.01 [V] 
by Professor Choi, which considers other errors that can crop up in the measurement readings. 
 
ii. Analysis 2 – Stress Analysis of Poker/Probe Rods 
The part that holds the thermistor and its wires needs to have low thermal conductivity to 
prevent measurement issues as well as keep the sensor attached to the device without 
breaking. As this also requires that the sensor is held in place beneath the surface of the 
material by at least 1 centimeter as stated in the project requirements for measuring the bulk 
thermal conductivity, a rigid tube was determined to be best. 
 
Most thermistors available on Digi Key with high precision have the leads from the sensor bead 
require at least a 0.2 [mm] diameter hole and the exterior of the tube should be about the 
same diameter as the thermistor bead, about 2 [mm], to ensure that inserting the device is 
smooth. These are the dimensions that were used as outer and inner diameters for a stress 
analysis of the tube. 
 
To prevent damage from occurring to the thermocouple bead, another part had to be designed 
to poke a hole into harder materials. A poker made from the same stock material and designed 
to the same length was added to the design of TCoMS. 
 
By assuming that the material into which the probe is being inserted and the probe is fully 
inserted up to the device housing, the length of the tube undergoing stress was found to be 
negligible. This allows for shear and compressive stress to be calculated for the tube if the max 
force applied to the device is the max device weight of 20 pounds. Using this force in the 
situations that would cause max compression and max shear, where the device is vertically or 
horizontally inserted into the material, the required shear and compressive strength of the tube 
were determined to be 57.2 [MPa] and 28.6 [MPa] respectively. This allows for a material to be 
selected later. 
 
iii. Analysis 3 – Battery Holder Analysis 
TCoMS will be powered by a 9 [V] Duracell battery. A part holding the battery to the housing 
needed to be designed. To ensure that the battery would not cause the part to fail, the stresses 
in it were found from the battery weight and had a safety factor of 3 applied. For the 3D 
printing material this resulted in the battery holder needing a 0.12 [mm] shell. A 1 [mm] shell 
was chosen to make the printing easier to accomplish. 
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iv. Analysis 4 – Testing Circuitry Analysis 
To obtain the accuracy needed for the pulse decay measurement method, a Wheatstone bridge 
is used, this was assumed to be the case in prior analyses. To generate the pulse of heat, a 
heating method is also required for the thermistor. The heating will be accomplished through a 
heating loop that is operated by a normally open reed relay controlled by the Arduino board as 
shown in figure A4-2. This allows for more of the operation of TCoMS to be controlled by 
computer. 
 
The normally closed relays shown in figure A4-2 are optional and would only provide extra 
protection to the board as the resistance of the circuit not in the heating loop is much less than 
that of the other loops leading to ground. So, the voltage drop across the thermistor is 
negligibly far from the 3.3[V] output from the board. The overall circuit design for this is from 
Chen et al.  
 
v. Analysis 5 – Power Source Analysis 
To power TCoMS there are several methods such as using a wall outlet, power from USB, and 
battery power. As this device is expected to be portable, the battery option is best suited for 
this project. The green sheet for this analysis is shown in figure A5 in the appendix. 
 
The Arduino Due requires a voltage supply of between 7 and 12 volts to operate. As the 9-volt 
battery is a standard battery type that lies within the board input voltage requirements, the 
Duracell 9[V] battery was analyzed to see if it is able to provide the required voltage at a 
maximum of 60[mA], for the assumed max power use from all components, of current for a 
reasonable amount of time. 
 
By using the data sheet for the MN 1604 9[V] Duracell Coppertop battery, it is expected that 
this setup will last for approximately 7 hours of continuous operation. As the testing to be done 
with TCoMS will be done in minutes, the 9[V] Duracell battery is a sufficient option for a power 
source. 
 
vi. Analysis 6 – Mounting Design Analysis 
A method to mount the Arduino Due to the device housing was needed. One option for this is 
to use purely 3d printed parts to go through the mounting holes on the Arduino board. The 
filament expected to be used is MakerBot Tough filament which has an ultimate tensile stress 
of 5,710 [psi] as listed on its datasheet. By using a 3d print, fewer additional parts need to be 
ordered from a supplier as 3d printers are available on the CWU campus. 
 
To ensure that this would work a stress analysis was performed as if the board were being 
pulled on by the maximum device weight of 20 pounds. The device is likely to weigh under 5 
pounds after checking all the parts that have been chosen at this point, so this would only occur 
if the board was stuck on something and the user was pulling against it. 
 
As the Arduino Due is the most expensive part and critical to the function of TCoMS, a safety 
factor of 10 was chosen. By calculating the total area available to the mounting holes on the 
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board, 0.0492 [in2], and the area that would be required for the 3d printed plastic to support 
the safety factored load, 0.035 [in2], the 3d printed parts being used for mounting the Arduino 
Due to the housing will be sufficient if they fill the maximum mounting area. The calculations 
for this analysis are shown in figure A6. 
 
vii. Analysis 7 – Display Wiring Analysis 
To quickly obtain the data from the handheld without connecting to a computer, a display is 
needed. A compatible display was found that can show two rows of 16 characters, the LCD-
14072 Display made by SparkFun Electronics and supplied from Digi-Key. There are two 
methods that would work for connecting the display to the Arduino Due, SPI and I2C. The I2C 
method was chosen for the fewer wires needed to complete the circuit. By going through the 
data sheets of the Arduino Due and the display, the pins that are needed to go from the 
Arduino to the LCD were determined and are shown on figure A7 in the appendix. 
 
The display data sheet shows a different setup, this is because the Arduino based board that 
they used in their example operated with 5 [V] logic and needed to be stepped down to 3.3 [V] 
logic. As the Due already operates at 3.3 [V] logic, no stepdown is needed. 
 
Due to part availability a larger display was chosen that acts in the same manner but can display 
4 lines of 20 characters, the LCD-14074 Display also from SparkFun Electronics. 
 
viii. Analysis 8 – Poker Attachment Ring Analysis 
The probe for TCoMS needs to be easily changeable and requires that a spare be available on 
hand. To facilitate the ease of replacement, the poker needs to be easily mounted into the 
housing for the device. The poker subassembly is the attachment ring and copper tubing. To 
attach this firmly to the housing it would need to be glued in which is not something that is 
easily changed later. The drawing for this part is shown in figure B3 in the appendix. 
 
To check that the design of this part will not fail, a stress concentration analysis was performed 
as if it was a solid stepped round bar in tension under the full maximum weight of the device. 
The analysis shown in figure A8 confirms that this part will work under the given conditions. As 
the hole going down its middle will be filled with metal and glued to it, it is likely that the part is 
stronger than this analysis showed. 
 
ix. Analysis 9 – Control Scheme Analysis 
To control TCoMS, the number of buttons needed to be known. This analysis shows that the 
bare minimum number for TCoMS to operate is 1 rocker switch to control power and 1 push 
button to start a test with the device.  Optionally, to make device calibration easier another 
push button can be included which would remove the requirement for external hardware, such 
as a voltmeter, to measure the voltage difference across the Wheatstone bridge. Both buttons 
would cause specific code to run on the Arduino, the basics of which are outlined on the green 
sheet in figure A9. 
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x. Analysis 10 – Wiring Size Analysis 
A minimum wire size needed to be determined for the circuitry in TCoMS. This was done by 
finding the corresponding gauge to an ampacity for the max current for a part of the circuitry. 
As the entire circuitry operates at a lower amperage than the lowest available labelled 
ampacity in table 2.1 from Boydell and Paynter, general categories for circuit applications were 
used instead. 
 
TCoMS operates at currents of under 1 amp for all sections of the circuitry needing wiring, this 
indicates that TCoMS may qualify as a low-current electronic circuit application. To ensure that 
the wiring would be able to support that entire range, the first gauge up from low current 
applications to general electronic circuit applications was chosen, 30 AWG. 
 
Assuming a maximum of 3 feet of wire used, the total wire resistance was calculated to ensure 
that wire resistance would not impact other aspects of the circuitry. The total wire resistance as 
found in figure A-13 is 0.31 Ohms. This resistance value is much less than the values of the 
potentiometers and thermistors that are being used for data measurements and should 
therefore have a negligible impact on the circuit. 
 
xi. Analysis 11 – Heating Energy Analysis 
This analysis was done to obtain an estimate of the amount of energy the thermistor bead 
would require to increase its temperature by 2 [°C]. This was originally attempted to be done 
using transient heat methods but was changed to an energy change analysis as too many 
variables were unknown to perform the transient analysis. This change was acceptable as this 
value is not critical to the operation of TCoMS but provides an estimate for the energy.  
 
By using the specific heat capacity and density of epoxy resin, of which the thermistor bead is 
coated in, the change in thermal energy can be found by using enthalpy equations. Using the 
values shown in figure A11, the amount of energy needed to heat up the thermistor by 2 [°C] is 
5.9 [mJ]. 
 
xii. Analysis 12 – Heating Time Analysis 
By using the energy needed to heat the thermistor by 2 [°C] found in Analysis 11, the time 
needed to heat the thermistor can be found. Using the OEM datasheet for the thermistor’s 
heating curve, the change in resistance that should occur when raising the temperature from 0 
[°C] to 2 [°C] is -3.2 [kOhms]. To find the amount of time needed for the heating to occur, the 
electrical power equation shown in figure A12-1 relating power, resistance, and voltage was 
used. The time needed to perform the heating can then be solved for by using the definition of 
power, energy over time, and soling for time as shown in figure A12-2. 
 
The time needed to raise the temperature 2 [°C] changes with the starting temperature. This is 
due to how the resistance of a thermistor changes with temperature. To obtain an idea of the 
time ranges that will be expected for heating in the testing, the high and low end of 0 [°C] and 
20 [°C] were analyzed.  
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At 3.3 [V], the low temperature would take 16.9 [s] to heat and the high temperature would 
take 6.5 [s] to heat up. This was found to be larger than preferred and a 5 [V] DC output pin was 
located on the Arduino board. With the 5 [V] supply, heating the thermistor to the low and high 
temperatures takes 7.4 [s] and 2.8 [s] respectively. This is preferable and requires little change 
in the design of TCoMS. 
 
h. Device: Parts, Shapes, and Conformation 
The shape of TCoMS is mostly about utility. The main body for TCoMS will sit flat on a table and 
does not need ergonomic designs. The parts which have some design for use by people are the 
poker and the probe. To make a hole to the same depth as where the probe will be inserted, 
both the poker and the probe are designed with the same length of tubing which ends at the 
hilt of the part. Both parts also must be removed from the tested material after testing which 
led to them being designed to be easily grabbable by a hand. 
 
 The location of electrical components was chosen for their operation to be somewhat intuitive. 
The power switch is located near the battery and the power inlet of the Arduino, this decision 
also saves on the amount of wiring required. The display is located at the bottom of the device 
where it will be easier for the user to read. The buttons to control TCoMS were placed adjacent 
to the display so they are easily seen. 
 
i. Device Assembly 
TCoMS is a self-contained system that will measure the thermal conductivity of a material into 
which a probe is inserted. An Arduino Due will process the change in temperature overtime via 
a thermistor in the material after a pulse of heat with a known amount of energy was input at 
the testing location. The heat will be pulsed into the thermistor at a known voltage using the 
resistance of the thermistor to convert electrical energy into heat. 
 
j. Technical Risk Analysis 
In TCoMS, most of the technical risk is involved in damaging electrical components due to 
exceeding the design limits of the parts. The most likely place for this to happen is when 
heating the thermistor. This is mitigated by using a relay to ensure the proper voltage is being 
used in the proper location. 
 
k. Failure Mode Analysis 
For mechanical failures, the most likely spot for this to occur is in the poker handle. This would 
happen due to overstressing the handle when poking a hole into the material to be tested. To 




l. Operation Limits and Safety 
Power Supply 
The power supply for TCoMS should only be inserted through the 9V battery clip. A 9V battery 
is expected to be used, but the input can vary between 7-12 volts if necessary as defined in the 
Arduino’s technical specifications. 
 
Operational Temperature Range 
For the thermistor being used, the temperature range for which TCoMS should be sufficiently 
accurate to meet requirements is 0 [°C] to 50 [°C]. The thermistor can work within -40 [°C] to 
105 [°C] without being damaged as specified by the OEM. This range will not be accurate as the 
resistance curve will only be calibrated in the Arduino for 0 to 50 Celsius. 
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3. METHODS & CONSTRUCTION 
a. Methods 
This project is intended to be able to be made using resources available to students and staff in 
the MET department of Central Washington University. Few outside resources aside from 
buying pre-made parts are being used for the final assembly and most of those are electronics. 
Most non-electronic parts will be manufactured via 3D printing as this allows for variable 
geometries and custom designed pieces such as for the housing of TCoMS. 
 
i. Process Decisions 
The first major decision after determining the style of thermal conductivity measurement 
system to be pulse decay was to choose the type of Arduino board to use to operate TCoMS. 
There are many different varieties available on the Arduino store such as the Uno, Zero, Due, 
and MKR series boards. The design that was chosen was the Arduino Due. This was chosen 
based on the different boards’ cost, weight, measuring accuracy, USB availability, number of 
usable I/O pins, operating voltage, and maximum DC current through an I/O pin. The values 
chosen for each board are shown on the decision matrix in figure F1 along with the criteria that 
each value is based on. 
 
To determine which type of rod should be used for holding the thermistor and for puncturing 
the testing material, another decision matrix was used. The stresses involved were determined 
in an earlier analysis and showed that glass would meet the requirements along with stainless 
steel. To choose between the two options several criterions were used: the material’s cost, 
weight, availability, strength, corrosion resistance, and thermal resistance. These values were 
weighted and chosen based off searching for the materials needed online. The matrix in figure 
F2 shows that the stainless-steel rods are the best choice for this device. 
 
The thermal conductivity for TCoMS is found using an equation found in Chen and Holmes. 
 
ii. Programming 
The programming of TCoMS will be done using the Arduino API and its associated libraries. As 
this is an opensource programming API, no additional budget needs to be spent for the 
programming of TCoMS. 
 
iii. 3D Printing 
3D printing will be used for the housing, pull tab for probe, and the poker attachment ring. 
These parts were decided to be made with a 3D printed material as they will be the most 
heavily handled. By adding these parts to the design, the electronics will experience less direct 
handling. The material used for the prints in this project is MakerBot Tough Filament. Part 
printing is done by sending emails are to those running the 3D printers, Professors John Choi 
and Charles Pringle. The emails contain the part in a .stl format which will then be run through a 




Electronic parts will be soldered together using a soldering iron and solder. This will help to 
hold wires in place and will also ensure good electrical connections.  
 
On some wire connections, heat shrink self-soldering butt connectors will be used. These 




Analysis 10 found that AWG 30 wires are sufficient for wiring parts together in TCoMS. The 
wires that were then chosen to be used are male-male jumper cables. Some of these cables will 
be cut and the insulation stripped to allow for easier soldering. Four longer wires are used for 
connecting the probes to the Arduino to allow for easier handling of the probes as the probes 
will be able to reach further from the board. To further make the probes easier to handle, the 
two leads wires coming from each probe will be held together using heat shrink wraps. This will 
prevent the wires from getting caught in other parts of TCoMS. 
 




The construction of TCoMS will be done in CWU’s 2021 winter quarter, which lasts from 
January 5th to March 19th. 
 
i. Description 
TCoMS is made of 3 subassemblies and 23 individual parts as shown in the parts list. Most of 
the parts will be ordered from an online supplier or printed from a 3D printer which is provided 
by the CWU MET department. All assembly will be done in-house. TCoMS will be constructed in 
several phases. The first phase will be the circuit prototyping and 3D printing phase. This phase 
will be overall construction of the circuit including basic testing with a multimeter to ensure 
parts are working properly as well as printing out parts for later use. The second phase will be 
completing the coding of the Arduino Due. The third phase will be the assembly of the probes 
and pokers and attachment of the wiring to the housing. After these three phases the device 
will go through testing and updating of the code to ensure TCoMS meets the project 
requirements. 
 
ii. Drawing Tree, Drawing ID’s 
The drawing tree for TCoMS is shown in figure B1 in the appendix. This tree contains all finished 
parts used to make subassemblies and the final assembly of the device. 
 
iii. Parts  
As TCoMS is a largely electronic project, the main process group is purchased items. All the 
purchased items are being obtained through online sellers, part of the reason for this decision 
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is the global pandemic caused by COVID-19. Three parts will be 3D printed: the device housing, 
pull tab for probe, and poker attachment ring. Part 20-001, the poker/probe rods, will be 
manufactured from part 55-009, stainless steel tubing purchased from Uxcell through Amazon, 
by cutting off 3 identically sized pieces.  
 
iv. Expected Manufacturing Issues 
Expected manufacturing issues are failed 3D prints, soldering mistakes, and ordered items not 
working.  
 
The 3D printing issue has low impact on the progress of the project, assembling the housing and 
probes is not necessary to continue progress with the circuitry of TCoMS. Failed prints can be 
reprinted for material cost.  
 
Soldering mistakes could lead to damaging circuitry or failed connections. The soldering done 
on the circuitry will be checked over each time before device startup both visually and with a 
connectivity test with a multimeter. Mistakes with solder can be fixed if parts are undamaged. 
 
If an ordered item is not working properly, a new part may need to be ordered to replace the 
faulty one. 
 
v. Discussion of Assembly 
Subassemblies 10-003 and 10-002, the poker and the probe, will be assembled via press fits and 
glue. The wired housing subassembly 10-001 will be assembled by connecting pieces into 
designated locations with glue, press fits, and snap fits. The probe subassembly is required to 
be easily replaceable as specified in the project requirements. To accomplish this, the probe is 
attached to the housing through a terminal block and has a snap fit location on the housing. For 
ease of use, the poker subassembly is also attached to the housing via a snap fit. 
 
When compared to the Thermtest TLS-100 benchmark, TCoMS should provide equivalent 
accuracy of thermal conductivity readings while producing a result in approximately a tenth of 
the time, under 20 seconds. 
 
vi. Experienced Manufacturing Issues  
Many delays were experienced in all aspects of manufacturing. This project is taking place 
during the COVID-19 pandemic which caused access to the machine shop to be entirely closed 
for the first two weeks of CWU’s 2021 winter quarter. 
 
3D Printing Issues 
The first attempt at sending .stl files through to be printed failed as the files had some data 
attached that was causing errors. This was fixed by sending raw .stl files directly from 
SolidWorks without positioning data.  
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The first revision of part 20-005, the housing, was too large for the print bed. This is to be 
resolved by revising the CAD drawing to fit the maximum print volume of 7 x 7.5 x 7.5 [in]. This 
was an issue in the new part 20-006, a 20-005 redesign. A small patch on the print bed is 
inaccessible due to a dual extruder setup. This further reduces the print size to 6 x 7.5 x 7.5 [in] 
necessitating a part redesign. The fix that was implemented was splitting the model into two 
parts connected by a dovetail joint. 
 
Another printing issue was hole shrinkage after printing. This caused parts 20-002 and 20-004, 
the poker attachment and the probe handle, to have holes that were too small to take the rods. 
A fix was attempted by immersing the parts in hot water rendering them deformable. This did 
not make them soft enough to insert the rods through the entire length of the parts and caused 
the parts to deform externally. The parts were tested, and the holes were found to have shrunk 
from their design size by 10%, to combat this the parts were revised to have their holes 
increased by 10%. 
 
Programming Issues 
There was initial difficulty in setting up programs that connect with external parts from the 
Arduino Due. This was caused by soldering mistakes, but attempts were originally conducted to 
fix this issue via software as the display screen would light up, but then flicker and become 
inconsistent. The software was also first checked to ensure that there was not a coding issue 
prior to reworking the soldering. 
 
Soldering Issues 
The incorrect solder was initially used causing large amounts of solder to be added to the parts 
along with poor adhesion. This caused shorts in some parts. This issue was most prevalent in 
wiring the display as the pinholes are small and tightly packed. 
 
The improper soldering led to the first display becoming non-functional. The part may have 
been damaged on arrival causing the original issues, but this is no longer possible to tell as the 
soldering damaged it to the point where it became entirely unresponsive. 
 
Wiring Issues 
The design of TCoMS’ wiring was improperly designed the first time due to improper placement 
of a relay and not being aware of a resistor requirement for the button circuits as well as the 
potentiometer resistance checking circuits. 
 
The thermistor experienced an unexpected failure near the ends of testing. The thermistor 
overheated and emitted smoke causing it to short out. Due to time constraints this issue was 
not able to be resolved. The overheating may have come from too many tests in rapid 
succession or possibly from damage done to its connections during testing. If further TCoMS 








Final testing of the device was done during spring quarter of the CWU 2021 academic year. 
Prior to the final testing, testing was done to check and see if TCoMS was operating within its 
requirements, this was accomplished by doing the tests during the construction phase of the 
project in winter quarter 2021. 
 
Some of the requirements for this project were tested at the same time, specifically ones that 
relate to the operation of TCoMS such as the type of power supply being tested by just 
operating the device and the measurement time, measurement, and accuracy being found at 
the same time as well. The following other requirements were tested separately: weight, size, 




Weight was tested by using a scale to ensure that the device weighs under 20 pounds. 
Size: 
Size was tested by using a box with internal dimensions of 18” x 13” x 10”. 
Power Supply: 
The type of power supply is confirmed to be a type of standard battery. 
Measurement of Thermal Conductivity, Accuracy, and Measurement Time: 
The device was inserted into a material of known thermal conductivity with a stopwatch 
nearby. A test was then run, and the values obtained were checked against known thermal 
conductivity values of the material. 
Temperature Range: 
The device was tested at the required upper limit of room temperature by that point so the 
lower limit requirement of 0°C was then tested. A material of known thermal conductivity at 
that temperature was cooled to 0°C and then a test was run on it. 
Probe Replaceability: 
After initial testing, the probe was swapped out for the spare and then a test was redone on a 
material that has already been examined to ensure the replacement probe was operating 
correctly. 
 
c. Test Procedure 
Prior to running the actual test, TCoMS must be calibrated to ensure accuracy. This is done by 
using the setup mode of TCoMS, which is detailed in the User Manual. After the setup has been 
properly performed, the potentiometers are untouched for the rest of the testing procedure. 
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Touching the potentiometers, even by accident, requires a recalibration or else the measured 
thermal conductivity would have a large error. 
 
Performing the thermal conductivity testing requires that the thermistor bead be enclosed by 
the testing substance. The testing done with TCoMS is bulk testing of at least 1 [cm] and 
therefore the material needed to surround the thermistor in all directions by at least 1 [cm]. If 
the substance is a soft enough material where the insertion force is under 2 [lbs], such as a Jell-
O, the probe tip could be inserted directly into the substance as a syringe would. If the 
substance is a hard material, a hole needs to be premade of at least 1 [cm] depth and 2 [mm] in 
diameter. As this test does not take more than a minute, the probe could be held with a steady 
hand, but it is preferable for it to be resting on a solid surface with the testing material. 
 
d. Deliverables 
Documents for the thermal conductivity testing of TCoMS was made available prior to testing. It 
includes space for the final device weight, a pass/fail checkbox for size, the formula that TCoMS 
uses for calculating thermal conductivity, and a table for testing each of the materials that were 
to be tested. This table has room for the following: 
• Material name 
• Testing temperature 
• Expected thermal conductivity 
• Measured thermal conductivity 
• % error of thermal conductivity measurement 
• Testing time 
 
Photos are also taken of the device covering at least one of each of the following: 
• Fully assembled device adjacent to a visual scale such as a clearly marked ruler 
• Final device from an isometric view 
• The wiring 
• How the device is held 
• The device being used in a test 
• Test data being displayed 
• Spare probe and a clear view for how it is replaced 
 
Dimensions Testing 
TCoMS met the weight, testing time, and overall size requirements. As shown in Figure G4.4, 
TCoMS’ final weight was 0.688 [lbs] as measured by a kitchen scale. This is under to 20 pound 
maximum therefore meeting the requirement. The maximum dimension of 18”x13”x10” was 
also met as TCoMS has dimensions of 6”x7”x4”. TCoMS test time is only 20 seconds, well 
withing the 15 minute testing time limit. 
  
Potato Test 
This was the first test performed by TCoMS, the purpose of which was to test if TCoMS could 
obtain a reasonable value for the thermal conductivity of a potato. A red potato was used and 
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the expected thermal conductivity expected to be measured was 0.545 to 0.957 [W/mK]. The 
large range of values is due to potatoes not being a standard item. The result obtained during 
testing was a final value of 0.0044 [W/mK]. This does not meet the project’s accuracy 
requirement of 5% maximum error as the percent error obtained with this test was 99%. 
 
During this test, two main issues were found. After discussing the issues with Professor Choi, 
one issue was identified and resolved. This was a coding issue that was found was that a 
variable used in the thermal conductivity was incorrect. This was the starting time variable; it 
was assumed that the starting time was referring to time after the heating pulse has finished, 
the real value for the starting time is at the start of the heating pulse. This was fixed in TCoMS 
code immediately upon identification. 
 
A second issue identified during the potato test was the heating time. In still air the time to 
heat TCoMS’ probe 2 [°C] was 12 seconds, greater than was expected from the theoretical 
calculations. When the probe was in the potato, it did not heat up the 2 degrees. With help 
from Professor Choi it was identified that the power output from the Arduino 5 [V] power 
supply may be unable to supply the required current to perform the heating. To rectify this, the 
relays used in TCoMS will be rewired to provide 9 [V] from batteries directly to the thermistor 
for the heating cycle. This will be implemented prior to the next test performed using TCoMS. 
 
Cold Water Test 
To measure the thermal conductivity of water, it is best to have the water not move to avoid 
any issues with convection influencing the data. To keep the water still, it was turned into a gel 
composed of 99% water and 1% gel, by weight. Professor Choi confirmed this to not 
significantly impact the thermal conductivity of water. The water was at 17 [C] when the test 
was run. The expected thermal conductivity of this test is 0.6 [W/mK]. 
 
As this test took place after the potato test, this test had TCoMS updated to have a 9 [V] battery 
supply the heating power to the thermistor. 
 
This test was performed three times. The first test returned a result of 0.0311 [W/mK] for the 
water’s thermal conductivity, this does not meet the 5% error margin for this project’s 
requirements. Two subsequent tests returned values near zero indicating some manner of 
failure in TCoMS. Further checking on TCoMS showed that it was only reading a steady 
temperature of under -20 [C] in a room temperature environment. This was attributed to 
incorrect wiring leading to damage in the Arduino Due’s analog inputs. A replacement board 
was ordered along with diodes to ensure that the new board is safe from excessive voltage. 
 
Final Testing 
The final version of TCoMS that went through testing gave useful data. The thermal 
conductivity that was obtained during this testing gave average values that made some degree 
of sense. If basing the potato testing results seen in Figure G4.1, it appears as though TCoMS 
has met the 5% error margin of thermal conductivity accuracy. The main issue with this is that 
potatoes are a non-standardized testing material. The data was tested against an average 
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potato, but the tested potato may have been of a different value. When looking at the water 
testing data in figure G4.1, TCoMS does not meet the 5% accuracy requirement for thermal 
conductivity. The averaged water result has a percent error of 110%, the measured value of 
1.26 [W/mK] is over twice the expected 0.6 [W/mK] of the water. Following this round of 
testing the thermistor experienced a thermal failure and time constraints prevented further 






For most of the electronic parts, Digi-Key will be the source. These items will be ordered over 
the internet using the Digi-Key website. The parts that are being chosen for this project from 
Digi-Key all have a week or less of handling time before shipping out the part. This can be seen 
in the parts list in appendix C.  
 
b. Outsourcing 
Most of the parts will be bought pre-made, with some of the parts requiring slight work to 
change their size. Assembly of the parts will all be done in house.  
3D Printed parts will be obtained from the printers available in the CWU MET department. 
 
The total outsourced parts cost is $92.86, of which $87.37 is electronics. 
 
c. Labor 
The labor can be divided into 3 distinct groups: electronics assembly, coding, and mechanical 
assembly. It is expected that there will be little time spent on the mechanical assembly as most 
of this project involves electronics. 
 
The total labor cost is expected to be equivalent to $543.61, but no actual funds will be 
expended as no external labor will be done. 
 
d. Estimated Total Project Cost 
The total project cost is estimated to be $646.47 currently, the breakdown is available in 
appendix D. The actual money to be expended is the parts cost and the testing cost which is a 
total of $102.86. 
 
e. Funding Source 
Lucas Hill will fund the cost of this project. As Lucas will also be doing all the labor associated 
with this project, no money will be spent on labor as discussed in the estimated total project 
cost. The CWU MET department provides the resources for 3D printing. 
 
Construction 
Due to the original relays that were chosen in the design phase becoming obsolete during the 
time between design and purchase, an equivalent part was chosen which also cost the same 
value. The total base part cost has not changed. Due to equipment failure, a new soldering iron 
had to be obtained. This was bought from Amazon.com for $10.82, including shipping. Parts 
that had been estimated in the prior budget sections did not include any additional charges 
aside from part cost. The full cost was greater due to factors such as shipping and sales tax. 
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Parts ordered from DigiKey had a total shipping cost of $24.22, a tariff of $0.39, and a total 
sales tax cost of $8.53. The two parts from Amazon had a sales tax of $4.80 applied to them. 
These factors led to a total project monetary cost increase of $37.94, to a total of $140.80. 
 
The largest single part cost was the Arduino Due for $40.30, as this is a vital part to the 
operation of TCoMS, an original, new, verified Arduino product was used. The choice of the Due 
model was discussed in Analysis 1, the deciding factor was the higher voltage resolution of the 
Due compared to other Arduino models. 
 
All pre-made parts were ordered during December 2020. Due to shipping delays, some parts 
arrived late causing minor delays in construction. Due to the original housing model exceeding 
the size constraints of the 3D printers at CWU, this part had to be redesigned. This did not 
cause impactful delays as the housing is a non-essential part, and other delays related to the 
COVID-19 pandemic were a larger factor. 
 
As of February 12th, 2021, the only part not yet obtained is the housing. The redesign is still 
underway. As this part is still non-essential, TCoMS can be made functional without it, but final 
assembly of the whole device may be delayed. 
 
a.  Replacement Parts 
Repeated failures in soldering led to the original display becoming non-functional. A 
replacement display was ordered from DigiKey for a total cost, including shipping and taxes, of 
$32.43. 
A mistake during the cold-water testing led to the need for a replacement Arduino board and 





Using the CWU 2020 – 2021 academic calendar, an overall milestone schedule was created for 
this project with the three quarters split into separate categories design, construction, and 
testing for fall, winter, and spring quarters, respectively. The milestones chart is shown in figure 
E1 of appendix E. The overall time spent on this project came in at 292 hours, which was 10 
hours less than what was planned for. 
 
a. Design 
The schedule for the design portion of this project was laid out based off expected due dates 
for sections of the report for class and how these tasks will interact with each other. As the 
Gannt Chart was made prior to much of the project being started, some of these interactions 
were misunderstood. Additionally, this project is being done during a pandemic which has 
caused most interactions to be done online complicating matters. 
Task 1a for the project outline started late as it was taking extra time to understand how the 
project will be laid out and accomplished. This task still was completed on time within the 
estimated duration. 
Task 1b was estimated to take 1 hour but took 2 hours due to underestimating the complexity 
of using the pulse decay thermal conductivity measuring method. 
Task 1d was started a week late due to other time constraints. As this task is estimated to only 
be 3 hours, this work should be spread over other weeks easily. 
Task 1f was expected to start much earlier, but as this task requires more work on other prior 
tasks to be completed before it can be worked on, task 1f has been delayed multiple weeks 
behind its starting time listed. 




Some parts had to be changed from the initial design due to the original choices becoming 
obsolete between the design of TCoMS and part acquisition. This delayed the project slightly, 
but most of this time was spent waiting for the CWU MET labs to be opened. 
 
Due to the COVID-19 pandemic, much of the construction of TCoMS was delayed due to 
facilities that were expected to be available being closed for the first two weeks of the quarter. 
To still be productive, circuitry was worked on during these initial weeks. After the CWU 
campus opened back up, construction of TCoMS advanced again. 
 
There were issues with wiring the connections to the display. This caused delays in both coding 
and circuit construction as the display is used to check for functionality. 
 
The delays noted can be seen in the Gantt Chart shown in figure E1. All tasks experienced slight 
delays due to the pandemic causing campus resources to become unavailable. The two tasks 
that experienced the largest setbacks were 5c-Write Code and 6a Assemble Circuit. Task 5c was 
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expected to take 8 hours but ended up taking 14. Task 6a was expected to take 7 hours but 
took a total of 20 hours, 13 hours longer than was predicted. The bad 6a prediction was caused 
due to a multitude of factors, the primary ones being overestimating circuitry assembly speed 
and part failures or wiring/soldering mistakes. 
 
c. Testing 
The testing of TCoMS had several major delays. The first major delay was due to the thermal 
conductivity values being reported by TCoMS to be wildly off what was expected. This was 
believed to be due to insufficient power, so a stronger power source was hooked up. This 
stronger power source caused the Arduino Due board upon which TCoMS ran to have its 
sensing circuits become inoperable. A replacement board was ordered along with a diode to 
prevent the heating circuit from creating another overvoltage scenario on the Arduino. 
 
Another delay was caused when the thermistor in the first probe failed by burning out. This 
required the second probe to be prepared for testing. This also revealed that a mistake in the 
thermal conductivity calculation was present, which was resolved. 
 
The above issues caused the project to dip back into the construction section of the project 
even though these cropped up in the final testing section. This is visible in the Gantt chart. 
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a. Human Resources 
The principal engineer, Lucas Hill, will provide most of the engineering knowledge, the resource 
acquisition, and the construction ability for the project. Their resume is shown in appendix H 
Additional expertise will be provided by CWU professors John Choi, for thermodynamics 
analysis and electronics analysis assistance, and Charles Pringle, for mechanical analysis, CAD, 
3D printing, and engineering documentation assistance. 
 
b. Physical Resources 
To complete TCoMS, the following machines and tools are required: 
• Hand Saw 
• Soldering Iron 
• Wire Clippers 
• 3D Printer 
• Super Glue 
The 3D printer and the soldering iron will be the most heavily used physical resources as many 
of the manufactured parts are to be 3D printed and TCoMS relies on many electrical parts. The 
3D printer is being provided by the MET department at CWU, this creates a risk of accessible 
times for printing. As the main features of this project do not need to be printed, this risk does 
not greatly impact the success of this project. 
 
c. Soft Resources 
The soft resource that will be most used is the Arduino IDE, this is the interface that will be used 
to code the software that will run TCoMS. As this is the aspect of the project that the principal 
engineer is least experienced in, there is a risk that coding may take more time to resolve than 
expected. By starting this part of the project early, the risk related to completing this aspect of 
the project should be lessened, there will be more time to work out errors in the coding than 
should be necessary. 
 
d. Financial Resources 
This project is being funded by Lucas Hill who will provide all necessary funding needed for the 
project. The current budget is $102, which is well within the financial means of the funder. 
Going overbudget is acceptable up to $200, this is due to worries of poorly manufactured 






The overall design of TCoMS has changed throughout the designing phase of this project. The 
original design was for the entire device to be one solid object. This ended up being infeasible 
due to the stresses that would be applied to the thermistor bead during testing which could 
lead to damage on the bead. This was later rectified by changing the thermistor bead to be part 
of a new detachable piece called the probe. This change was inspired by similar testing devices 
such as multimeters. 
 
The Poker/Probe Rods, part 20-001, were originally planned to be glass as its high thermal 
resistance would help to prevent reading errors that may come from the thermistor bead being 
in contact with the rod holding it in place. This material was not readily available in the small 
diameter sizes that are needed for the part or was otherwise prohibitively expensive. This led to 
a new material choice of stainless-steel rods. The steel rods also fulfill the stress needs that 
were analyzed for the probe and poker. Stainless-steel was ultimately chosen over other metal 
rods due to its lower price and higher thermal resistance than other metals such as brass that 
were available for the small diameter tubes. 
 
b. Construction 
The acquisition of parts experienced minor issues when some parts were taken off the market 
or were sold out after the design process. The parts that had these issues were the reed relays 
and the display. This required the ordering of different parts that had the same or better 
functionality. The new display now can show four lines of 20 characters each while the old 
display only had two lines of 16 characters. The extra space may make the displaying of 
information easier to code and view as the information does not need to be as compact. Parts 
ended up arriving late due to these changes. 
 
As this project is being worked on during the midst of the COVID-19 pandemic, access to the 
MET facilities at CWU was limited. This has caused several delays in construction. The university 
had a no access policy for the first two weeks of the quarter, this limited the ability of what 
parts could be worked on. Accessing the 3D printers in person was not possible and required 
using Professors Choi and Pringle as a go between. This delayed the construction of parts 20-
002, 20-004, and 20-005. 20-005 was later revised into 20-006 and 20-007 due to being unable 
to fit on the print bed. These delays led to other delays such as the construction of the probes, 
pokers, and circuitry.  
 
A printing issue caused part 20-007 to fail with regular handling. The pins that were part of the 
20-007 print to hold the Arduino board in place were not properly connected to the mounting 
locations. Each pin had 1-2 layers of PLA connecting them to the rest of the part. Such a small 
amount of connection led to the part failure, the analysis that was conducted on these pins 
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expected then to be a solid, or near solid structure, not hollow. This was fixed by reprinting the 
part with an increased layer thickness allowing for a larger connection area. 
 
Access to the machine shop was not possible until the fourth week of the quarter, the CWU 
administration hired a lab tech to be available for senior projects starting that quarter. With lab 
and machine shop access now possible, parts 20-001 and 20-003 were able to be manufactured 
and were done so on the Tuesday of that week. Assembling the probe circuitry was delayed 
until this point as it was discovered that the lead wires that would connect the thermistor to 
the Arduino Due would not fit through the probe rod. The wires built-in to the thermistor fit as 
intended, so the probe rod had to be completed first as connecting the thermistors would leave 
them semi-permanently attached to the rods. 
 
An unexpected and an expected issue both occurred during the fourth week when the soldering 
iron being used failed. The soldering iron had a section of its tip melt away leaving a chunk 
missing necessitating the purchase of a new soldering iron. Based on how the tip melted, it 
appears that the tool may have had a manufacturing defect, possibly an impurity, as the melt 
spread out from one point on the side of the hot end of the iron. This defect may be what 
caused the expected issue, wiring up the display to be functional was not working. It was found 
that the wires attached to the display were not completing the circuit. This required that new 
wires be prepared and attached in place of the old. Replacing or fixing the wires was 
attempted, but this was not enough to make the display functional. It was also considered that 
the display may have been DOA or irreparably damaged during the soldering process. Further 
attempts caused the display to become unresponsive necessitating the ordering of a 




The basic requirements of size, weight, and power source were all checked prior to thermal 
conductivity testing; TCoMS successfully met all these requirements. 
 
The first test that was performed was a thermal conductivity measuring test on a potato. The 
expected results for this test were for TCoMS to be accurate to within 5% of the real thermal 
conductivity value for a potato. TCoMS failed to meet this requirement. To solve this issue the 
test and TCoMS were reviewed with Professor Choi. It was determined that the main issue was 
the power being delivered to the probe during the heating cycle for the pulse decay 
measurement. Due to the Arduino Due not functioning when powered by a battery, it was 
instead powered via USB through its programming port. The heating circuit was then powered 
by the 5 [V] output of the board itself. This was able to heat up the thermistor the needed 2 [°C] 
in dry air but was unable to sufficiently heat the thermistor when inserted into the potato. This 
lack of power is due to the Arduino being unable to put out enough current. To correct this 
issue, the circuit was redone to have a 9 [V] battery power only the heating circuit whilst the 
rest of TCoMS is still powered via USB. This should provide the necessary power needed to heat 
the thermistor in the probe the needed 2 [°C] for a successful test. 
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On testing the 9 [V] power source redesign for the heating circuit, a new issue became 
apparent. The Arduino Due had experienced an overvoltage situation. This led to the Arduino’s 
ADC failing. As this is not something that is easily replaced, a replacement board was obtained. 
To protect this new board from overvoltage, diodes were bought and added to any input wires 
leading to the Arduino. 
 
The final testing of TCoMS generated useful results that were not affected from erroneous 
wiring or calculations. This testing session varied from the previous two as both water and 
potato tests would be run one after the other. Additionally, the data TCoMS returned also fed 
temperature readings through its serial port to a connected personal computer with the 
Arduino IDE running. This showed an error in the way TCoMS was calculating thermal 
conductivity. TCoMS was using the temperature of the probe at the moment the heating cycle 
finished, when it should be using the temperature prior to even starting the heating cycle. This 




TCoMS will be able to measure thermal conductivity within the requirement of 5% accuracy. 
This level of accuracy is maintained through the use of a 12 bit ADC and a Wheatstone bridge 
acting as a voltage divider, this was shown in Analysis 1 to be sufficient for this project. The 
temperature over which the tests will be performed , 0 to 20 [°C], are met with the equations 
necessary for this being accurate for 0 to 50 [°C].The parts needed for this to succeed have 
been listed in Appendix C, along with the cost and source for each part. 
 
This project also meets the requirements necessary for a MET senior project. TCoMS required 
mechanical, electrical, and thermal analyses to be performed. All parts are readily available 
either online with a short delivery time or can be 3D printed with machines available to MET 
students. TCoMS also brings in electrical and computer engineering with its reliance on an 
Arduino board for measurements to be taken. 
 
As discussed in this report, the final testing of the TCoMS device shows that it was able to meet 
all requirements of this project except for the primary goal of measuring thermal conductivity 
of bulk materials to within 5% of their actual values. As the 5% level of accuracy is also what the 
benchmark TLS-100 device is capable of, TCoMS also fails to meet the benchmark in this regard. 
TCoMS does perform the testing more quickly than the TLS-100, taking only 20 seconds 




Professor John Choi provided help in the research, design, and analysis necessary to make 
TCoMS possible. With his experience of having built a pulse-decay based thermal conductivity 
measurement system before, he was able to help guide this project in the right direction. His 
assistance was instrumental in fixing issues that cropped up during the testing of TCoMS. 
 
Professor Charles Pringle provided valuable instruction in how an engineering project proposal 
is set up as well as helping answer questions and clarifications needed to move the project 
forward. Thanks to Professor Pringle, the use of 3D printing was a viable design choice for 
several parts of this project. Professor Pringle was also a great help with correcting printing 
issues. 
 
The MET facilities at CWU were also a valuable resource in constructing TCoMS. The facilities 
offered machining tools and electrical testing equipment along with3D printing services. 
 
Kyle Saalfeld and Matt Schrenk also provided useful ideas during the design and construction 
phases of this project. They were each working on their own bulk thermal conductivity 
measuring methods and helped to understand and avoid similar issues that they had with their 
own projects.  
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APPENDIX A - Analysis 
Appendix A-1 – Voltage Resolution Analysis 
 




Figure A1-2: Voltage Resolution Analysis Page 2 
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Appendix A-2 – Stress Analysis of Poker/Probe Rods 
 
Figure A2: Max Compression and Shear Stress Calculations 
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Appendix A-3 – Battery Holder Analysis 
 
 




Figure A3-2: Battery Holder Analysis page 2 
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Appendix A-4 – Testing Circuitry Analysis 
 
Figure A4-1: Testing Circuitry Analysis page 1 
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Figure A7: Test Circuit Components 
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Appendix A-5 – Power Source Analysis 
 
Figure A5: 9[V] Power Source Option Analysis 
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Appendix A-6 – Mounting Design Analysis 
 
Figure A6: Mounting Design Analysis 
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Appendix A-7 – Display Wiring Analysis 
 
Figure A7: Display Wiring Analysis 
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Appendix A-8 – Poker Attachment Ring Analysis 
 
Figure A8: Probe Attachment Ring Analysis 
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Appendix A-9 – Control Scheme Analysis 
 
Figure A9: Control Scheme Analysis 
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Appendix A-10 – Wiring Size Analysis 
 
Figure A10: Wires Analysis 
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Appendix A-11 – Heating Energy Analysis 
 




 Appendix A-12 – Heating Time Analysis 
 








APPENDIX B - Drawings 
Appendix B1 – Drawing Tree 
 























































Appendix B2 – Poker Stick 
 
Figure B2: Poker Stick Drawing 
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Appendix B3 – Probe Subassembly 
 
Figure B3: Probe Subassembly Drawing 
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Appendix B4 – Poker Subassembly 
 
Figure B4: Poker Subassembly Drawing 
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Appendix B5 – Thermistor Tube 
 
Figure B5: Thermistor Tube Drawing 
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Appendix B6 – Poker Attachment Ring 
 
Figure B6: Poker Attachment Ring Drawing – Revision A 
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Appendix B7 – Probe Pull Tab 
 
Figure B7: Probe Pull Tab Drawing – Revision A 
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Appendix B8 – Thermistor 
 
Figure B8: Thermistor Drawing 
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Appendix B9 – Arduino Board 
 
Figure B9: Arduino Board Drawing 
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Appendix B10 – 100kOhm Potentiometer 
 
Figure B10: 100kOhm Potntiometer Drawing 
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Appendix B11 – 20 kOhm Potentiometer 
 
Figure B11: 20kOhm Potentiometer Drawing 
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Appendix B12 – Reed Relay 
 
Figure B12: Reed Relay Drawing 
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Appendix B13 – Display 
 
Figure B13: Display Drawing 
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Appendix B14 – Battery Clip 
 
Figure B14: Battery Clip Drawing 
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Appendix B15 – 9V Battery 
 
Figure B15: 9V Battery Drawing 
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Appendix B16 – Rocker Switch 
 
Figure B16: Rocker Switch Drawing 
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Appendix B17 – Push Button 
 
Figure B5: Push Button Drawing 
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Appendix B18 – Terminal Block 
 
Figure B18: Terminal Block Drawing 
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Appendix B19 – Housing Drawing 
 
Figure B19-1: Housing Drawing Right Page 1 
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Figure B19-2: Housing Drawing Right Page 2 
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Figure B19-3: Housing Drawing Right Page 3 
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Figure B19-4: Housing Drawing Right Page 4 
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Figure B19-5: Housing Drawing Left 
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Appendix B20 – TCoMS Full Assembly 
 
Figure B20: Full Assembly Drawing 
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Appendix B21 – TCoMS Wiring Diagram 
 










Qty Part Description Source Total 
Cost [$] 
Disposition 




20-002 1 Poker Attachment Ring 3D Printing 0 3D-Print 
20-003 1 PCB Breadboard On-Hand N/A On-Hand 
20-004 2 Pull Tab for Probe 3D Printing 0 3D-Print 
20-006 1 Device Housing Left 3D Printing 0 3D-Print 
20-007 1 Device Housing Right 3D Printing 0 3D-Print 
55-001 2 MC65F103AN NTC 
Thermistor 
Digi-Key 17.74 Immediate 
Shipping 
55-002 1 Arduino Due Arduino-
Amazon 
40.30 Likely a week 
55-003 2 2368-502-0315-ND 
100[kOhm] Potentiometer 
Digi-Key 2.16 Ships within 5 
days 
55-004 1 PDB181-K420K-203B-ND 
20[kOhm] Potentiometer 
Digi-Key 1.22 Immediate 
Shipping 
55-005 1 CPC1705Y Normally Closed 
Relay 
Digi-Key 5.51 Immediate 
Shipping 
55-006 1 LCD-14074 Display Digi-Key 19.95 Immediate 
Shipping 
55-007 1 36-232-ND 9[V] Battery Clip Digi-Key 0.49 Immediate 
Shipping 
55-008 1 9[V] Battery, Duracell On-hand N/A On-hand 
55-009 1 Uxcell 304 stainless steel 
round tubing 2mm OD 
Uxcell - Amazon 5.49 Immediate 
shipping 
55-010 1 Rocker Switch RA1113112R Digi-Key 0.57 Immediate 
shipping 
55-011 2 Push Button 54-700-R Digi-Key 2.00 Immediate 
shipping 
55-012 1 Terminal Block 281-1912-ND Digi-Key 2.07 Immediate 
shipping 
FINAL COST $97.50 
Table C1: Parts List and Cost  
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APPENDIX D – Budget 
 
Item Description Cost 
Total Part Cost Total cost of the parts to be used. $92.86 
Testing Costs Costs involved in testing, such as procuring 
testing materials. 
$10.00 
Labor – Coding Computer programming labor, $41.61/hour, 
time = 8 hours 
$332.88 
Labor – Electronics 
Assembly 
Fabrication labor, $16.21/hour, time = 10 hours $162.10 
Labor – Mechanical 
Assembly 
Fabrication labor, $16.21/hour, time = 3 hours $48.63 
Total Budget $646.47 
Labor rates taken from the U.S. Bureau of Labor Statistics 
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APPENDIX E - Schedule 
 
 




APPENDIX F – Expertise and Resources 
 




Figure F2: Rod Type Decision Matrix 
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APPENDIX G – Testing Report 
Test Report 1: Potato test 1 
This test’s primary goal is to check if TCoMS can obtain an accurate measurement of a potato’s 
thermal conductivity. TCoMS was designed to return values to within 5% of the true potato 
thermal conductivity. The potato thermal conductivity expected is between 0.545 and 0.957 
[W/mK]. An individual testing run must take under 15 minutes. The testing was performed on 
April 9th, 2021. The testing lasted 2 hours starting at 6 PM on that day, this time includes time 
spent repairing or modifying TCoMS. Setup and cleanup time lasted 5 minutes each. The tests 
were performed in the dorm of Lucas Hill. 
 
Equipment: 
• 1 Potato, Room Temperature 
• TCoMS 
• USB power source 
• Flat stationary surface 
• Data collection method (camera) 
Risk: 
The risks for this test are to TCoMS and the person performing the test. TCoMS may be 
damaged by improper handling such as being dropped or crushed, this was alleviated by 
ensuring a clear working space. TCoMS could also have been damaged electrically due to 
miswiring. Improper wiring could also have caused the test performer to experience a mild 
shock as TCoMS operates at low power. 
Procedure: 
1. Clear a clean, flat, stationary surface to place TCoMS on that has easy access to a USB 
power supply. 
2. Place TCoMS and the potato on the cleaned flat area. 
3. Plug the USB cable from TCoMS into the power source. 
4. Ensure the ON switch is set to on. 
5. Using a poker, poke a hole in the potato on the top, aiming for the center of its mass. 
Ensure the poker’s handle is flush with the surface of the potato. 
6. Insert the probe into the hole made in step 5. The probe handle should be flush with the 
potato’s surface when fully inserted. Ensure the probe is stationary and remains in place 
for the test. 
7. Press the start test button (the right red button on TCoMS to start the test. 
8. Wait for the test to complete. 
9. Record the values reported on the TCoMS screen after the test has completed, this is 
easily seen when the numbers stop changing/updating. 
10. Clean up the test by storing the potato for later testing, cleaning the poker and probe 
with a paper towel, and returning TCoMS to where it was brought from. 
Discussion: 
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The average thermal conductivity value TCoMS reported during this testing was 0.0063 
[W/mK], which is a 99% error from the lowest expected value. TCoMS did not meet the 
requirements of thermal conductivity accuracy. After the tests was performed multiple times, it 
was clear there was an issue with how TCoMS was obtaining or manipulating the incoming 
data. TCoMS did not pass this testing, and further work was needed to be done to identify and 
remedy the issue. With help from Professor Choi, it was determined that a likely cause was not 
enough power being supplied to the heating circuit. TCoMS did run the tests in less than 30 
seconds, starting from initialization to recording of the answer so the time requirement was 
fulfilled. 
 
Test Report 2: Cold Water Test 
This test’s primary goal is to check if TCoMS can obtain an accurate measurement of water’s 
thermal conductivity. To ensure that convection did not contaminate the data, a water-gelatin 
mix was used which was known to mimic the thermal conductivity of plain water. TCoMS was 
designed to return values to within 5% of a material’s true thermal conductivity. Changes had 
been made to TCoMS prior to this test in the hopes of fixing previous issues. The water thermal 
conductivity expected is 0.6 [W/mK]. An individual testing run must take under 15 minutes. The 
testing was performed on April 26th, 2021. The testing lasted 1.5 hours starting at 4 PM on that 
day. Gelatin had been prepared days prior to this test. Setup and cleanup time lasted 5 minutes 
each. The tests were performed in the dorm of Lucas Hill. 
 
Equipment: 
• Bowl of water-gelatin mixture, cooled in a refrigerator 
• TCoMS 
• USB power source 
• Flat stationary surface 
• Data collection method (camera) 
Risk: 
The risks for this test are to TCoMS, the person performing the test, and a possible material 
spillage. TCoMS may be damaged by improper handling such as being dropped or crushed, this 
was alleviated by ensuring a clear working space. TCoMS could also have been damaged 
electrically due to miswiring. Improper wiring could also have caused the test performer to 
experience a mild shock as TCoMS operates at low power. If the water-gelatin mixture is poorly 
handled, it could be spilled out of its bowl necessitating a cleanup. As this is a non-toxic 
substance, this is a minimal risk. 
Procedure: 
1. Clear a clean, flat, stationary surface to place TCoMS on that has easy access to a USB 
power supply. 
2. Place TCoMS and the potato on the cleaned flat area. 
3. Plug the USB cable from TCoMS into the power source. 
4. Ensure the 9 [V] battery is connected to the battery leads. 
5. Turn the power switch to on. 
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6. Using a poker, poke a hole into the gelatin, aiming straight down near the center of the 
bowl. Ensure the poker’s handle is flush with the surface of the gelatin mixture. 
7. Insert the probe into the hole made in step 5. The probe handle should be flush with the 
gelatin’s surface when fully inserted. Ensure the probe is stationary and remains in place 
for the test. 
8. Press the start test button (the right red button on TCoMS) to start the test. 
9. Wait for the test to complete. 
10. Record the values reported on the TCoMS screen after the test has completed, this is 
easily seen when the numbers stop changing/updating. 
11. Repeat steps 6 to 10 two more times, ensuring the new hole is at least 1 [cm] from the 
previous hole. 
12. Turn the power switch off. Remove the USB from the power supply. 
13. Clean up the test by storing the gelatin in the refrigerator for later testing, cleaning the 
poker and probe with a paper towel, and returning TCoMS to where it was brought 
from. 
Discussion: 
The first test iteration reported a thermal conductivity of 0.0311 [W/mK], an error of 95%. This 
value was later determined to be incorrect due to programming and wiring issues. The two 
subsequent trials reported near zero values, which was determined to be due to the Arduino 
Due having been damaged due to overvoltage, a replacement Arduino Due was now required. 
TCoMS again did not meet the accuracy requirement of 5% and failed this part of the test. Each 
individual test lasted 30 seconds, which fulfills the 15-minute testing time requirement. 
 
Test Report 3: Potato & Water Tests 2 
This test’s primary goal is to check if TCoMS can obtain an accurate measurement of a potato’s 
thermal conductivity. TCoMS was designed to return values to within 5% of the true potato 
thermal conductivity. The potato thermal conductivity expected is between 0.545 and 0.957 
[W/mK]. An individual testing run must take under 15 minutes. The testing was performed on 
May 8th, 2021. The testing lasted 4 hours starting at 3 PM on that day, this time includes time 
spent repairing or modifying TCoMS. Setup lasted 10 minutes and cleanup lasted 5 minutes. 
The tests were performed in the dorm of Lucas Hill using their personal computer. 
 
Equipment: 
• 1 Potato, Room Temperature 
• Bowl of water-gelatin mixture, room temperature 
• Personal computer with Arduino IDE 
• TCoMS 
• Flat stationary surface 
• Camera for images. 
Risk: 
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The risks for this test are to TCoMS, the computer, and the person performing the test. TCoMS 
may be damaged by improper handling such as being dropped or crushed, this was alleviated 
by ensuring a clear working space. TCoMS could also have been damaged electrically due to 
miswiring. Improper wiring could also have caused the test performer to experience a mild 
shock as TCoMS operates at low power. Wiring issues could also damage the computer during 
testing. Due to these issues and previous wiring problems, the wiring was checked over 
thoroughly and a diode was added to prevent overvoltage. 
Procedure: 
1. Clear a location for the potato, gelatin mixture, and TCoMS on the desk where the 
computer resides. 
2. Place TCoMS, potato, and gelatin mixture on the cleared area. 
3. Plug the USB cable from TCoMS into a USB slot on the computer. 
4. Ensure the two 9 [V] batteries are connected to the battery holder. 
5. Turn the power switch to on. 
6. Using a poker, poke a hole in the potato on the top, aiming for the center of its mass. 
Ensure the poker’s handle is flush with the surface of the potato. 
7. Repeat step 5 for the gelatin mix instead of the potato. 
8. Insert the probe into the hole made in step 5. The probe handle should be flush with the 
potato’s surface when fully inserted. Ensure the probe is stationary and remains in place 
for the test. 
9. Open the Arduino IDE. 
10. Turn on the Serial Monitor. 
11. Input the applicable specific heat and density into the Arduino Code. 
12. Press the start test button (the right red button on TCoMS) to start the test. 
13. Wait for the test to complete. 
14. Copy the temperature data into an excel sheet. 
15. Perform steps 6 to 14 four times for each material. 
16. Turn the power switch off. 
17. Remove the USB cable from the computer. 
18. Clean up the test by placing the gelatin and the potato into the rubbish, cleaning the 
poker and probe with a paper towel, and returning TCoMS to where it was brought 
from. 
Discussion: 
Immediately prior to the fourth potato test, the thermistor experienced a thermal failure, 
emitting smoke and approaching zero resistance. This testing attempt stored the temperature 
data instead of simply reporting the thermal conductivity to the test taker. Using this data, it 
was later determined that the potato thermal conductivity TCoMS observed was 0.7528 
[W/mK], 0.46% from an average potato thermal conductivity of 0.75 [W/mK]. TCoMS would 
pass the accuracy requirement for the potato. The water thermal conductivity average the 
TCoMS data shows is 1.2607 [W/mK], 110% error from the true water thermal conductivity 
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value of 0.6 [W/mK]. TCoMS failed the accuracy test for water. Each test iteration took 30 
seconds to completed from start to finish, fulfilling the test time requirement. 
 
Appendix G1 – Testing Equipment 
• Test material (e.g. water, potato) 
• TCoMS 
• Personal Computer with Arduino IDE 
• Flat stationary surface 
• Camera for images 
Appendix G2 – Data Forms 
 
Figure G2.1: Blank Data Form for final TCoMS data collection, time continues to 22[s] 
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Appendix G3 – Raw Data 
 
Figure G3.1: Raw Data from testing 
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Figure G3.2: Water testing data shown in a graph. 
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Figure G3.2: Potato testing data shown in a graph. 
Appendix G4 – Evaluation Data 
 
Figure G4.1: Evaluation Data, continues from figure G3.1 
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Figure G4.2: Water thermal conductivity calculation results. 
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Figure G4.3: Potato thermal conductivity results. 
 
Figure G4.4: Other deliverables. 
Appendix G5 – Testing Timetable 
 
Figure G5: Testing section of Gantt Chart, starts April 3, ends May22. 
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APPENDIX H – Resume 
 
Figure H: Lucas Hill's Resume 
